INTRODUCTION
============

Lysosomes must maintain an acidic luminal pH (pH~L~) to activate hydrolytic enzymes and degrade internalized macromolecules ([@bib5]; [@bib23]). Acidification results from the action of a vacuolar-type H^+^-ATPase (V-ATPase), which uses the free energy of ATP hydrolysis to pump protons into the lumen of the lysosome. The process of proton pumping generates a large, lumen-positive voltage (the pump is electrogenic), inhibiting further pumping. Thus, the free energy of ATP is used to move both protons against their chemical gradient and against the inside-positive voltage that is generated. Because even small imbalances in ionic charge give rise to huge membrane potentials, another ion, or ions, must move across the organelle membrane to dissipate the membrane potential generated by the V-ATPase and facilitate bulk proton transport. This secondary ion movement is a process referred to as the "counterion flux" ([@bib6]; [@bib27], [@bib28]; [@bib11]).

The role of counterions in facilitating organellar acidification has long been appreciated, and movement of either or both anions (entering the lumen) and cations (leaving the lumen) have been proposed ([@bib24]). Evidence is plentiful for a counterion role for Cl^--^; early lysosomal acidification studies highlighted the importance of Cl^--^ availability in the external (cytosolic) medium ([@bib4]; [@bib41]), which suggests a role for this abundant anion in the counterion flux, but these experiments did not directly demonstrate Cl^--^ permeability, and they did not identify the molecular basis of the observed Cl^--^ effects. Subsequent genetic experiments indicated that ClC-7, a member of the CLC family of chloride channels and transporters, was a likely candidate for the Cl^--^ pathway in lysosomes, as ClC-7 knockout mice develop a lysosomal storage disease and osteopetrosis ([@bib18]; [@bib15]; [@bib39]; [@bib45]), a disease associated with improper acidification of the lysosomaly derived ruffled border of osteoclasts. These results are supported by in vitro experiments demonstrating that the Cl^--^ permeability of HeLa cell lysosomes is primarily mediated by ClC-7 ([@bib10]). However, other work reported that lysosomal pH is unperturbed in ClC-7 knockout mice ([@bib18]; [@bib15]; [@bib19]; [@bib39]; [@bib45]), leaving uncertainty regarding the protein's role in acidification. Cation permeabilities have also recently been proposed to mediate the counterion flux ([@bib41]; [@bib39]; [@bib45]; [@bib35]), and several candidate cation channels are targeted to the lysosomal membrane; however, patient cells and knockout animals lacking candidate cation channels do not show consistent acidification defects ([@bib48]; [@bib2]).

Generally, the counterion flux has been presumed to result from conductance of ions through an ion channel; however, recent demonstrations that ClC-7 is not a channel but is instead a transporter, exchanging Cl^--^ for protons, suggest a wider range of possible activities that might account for the counterion flux. In the simplest terms, a channel is a protein that forms a continuous aqueous pore across the membrane; by nature such a structure permits only dissipative flux of ions down their electrochemical gradients. In contrast, a transporter harnesses free energy (from ATP or from an ion gradient) to move another ion or small molecule uphill, against its electrochemical gradient. Notably, though the CLC family includes both ion channels (conducting Cl^--^) and transporters, all of the CLC family members thought to localize to endocytic organelles belong to the transporter branch of the family and are Cl^--^/H^+^ exchangers (antiporters). ClC-7 moves two Cl^--^ ions into the lumen for each H^+^ removed ([@bib10]), an action that appears counterproductive because it would reduce net acidification. However, because each turnover of ClC-7 only removes one H^+^ while bringing in two Cl^--^ ions, the antiporter lowers the membrane potential and can facilitate continued proton pumping via the V-ATPase. A naive analysis suggests that a single turnover of the ClC-7 would allow the V-ATPase to subsequently pump in three more H^+^ ions without a net change to the membrane potential; and therefore, the entire cycle would result in the net accumulation of two H^+^. Is the antiport activity essential for a counterion conductance? Could a Cl^--^ channel serve equally well as a counterion pathway? Recent genetic experiments suggest that a channel-like mutant of ClC-7 cannot fully recapitulate the acidification observed in the presence of the antiporter form of the protein ([@bib45]). Why not? How does this scheme compare with other possible counterion pathways?

It is not currently possible to answer these questions experimentally given the available techniques for quantitative measurements of the biophysical properties of lysosomes. To our knowledge, there are no simultaneous quantitative measurements of both pH~L~ and the membrane potential, which are both necessary to calculate the proton motive force. Thus, even the most careful studies of lysosomal ion regulation involve unknown quantities. To explore the capabilities and limitations of different possible acidification systems, we built a mathematical model that incorporates the salient features of the acidification process. Our model is an extension of an earlier study used to explore endosomal maturation ([@bib8]).

MATERIALS AND METHODS
=====================

Plasmid DNA mutagenesis and transfection
----------------------------------------

Plasmid vectors (pCMV6_ENTRY) contained a cytomegalovirus promoter upstream of gene inserts encoding the open reading frame for CLCN7, isoform a (*Homo sapiens*) and OSTM1 (*H. sapiens*) followed by a C-terminal Myc/DDK tag, 30 amino acids long (OriGene). Mutations in the ClC-7 sorting motifs (LL23/24AA and LL68/69AA; [@bib21]) were made by site-directed mutagenesis of CLCN7 using custom mutagenic primers (Life Technologies) and a QuikChange II Site-Directed Mutagenesis kit (Agilent Technologies). A plasmid containing the open reading frame for EGFP (Green Lantern plasmid; Life Technologies) was cotransfected to identify transfected cells. Lipofectamine LTX and Plus reagent (Life Technologies) were mixed with a DNA mixture of ClC-7, Ostm-1, and EGFP plasmids (15:15:1 mass ratio, respectively). The transfection complex was incubated with HeLa cells growing on broken glass coverslips. Patch clamp experiments were conducted 24--36 h after transfection.

Electrophysiology
-----------------

An Axopatch 200B Patch Clamp Amplifier (Molecular Devices) was used for voltage clamp. Data were acquired with a Digidata 1322A 16-bit A/D converter and Clampex 9.2 software (Molecular Devices). Recordings were filtered at 1 kHz with a Bessel low-pass filter and sampled at 5 kHz. Current was evoked with a holding voltage of +20 mV followed by test voltage steps from −140 mV to +100 mV in 20-mV increments for 1,600 ms followed by a constant voltage of +60 mV for 0.5 ms to observe tail current (voltages were reported using the cytoplasm as ground convention as discussed in the text). Bath recording solution was 130 mM NaCl, 5 mM KCl, 1 mM MgCl~2~, 1 mM CaCl~2~, 10 mM glucose, and 20 mM Hepes, pH titrated to 7.4 with 8.5 mM NaOH, and osmolality adjusted to 305 mmole/kg with sucrose. Pipette solution was 110 mM CsCl, 10 mM NaCl, 0.5 mM CaCl~2~, 10 mM EGTA, and 40 mM Hepes, pH titrated to 7.1 with 11.75 mM NaOH and osmolality adjusted to 299 mmole/kg with sucrose. Pipettes were fabricated from borosilicate glass capillaries (1.5 OD × 0.86 ID with filament; Harvard Apparatus) using a P-97 micropipette puller (Sutter Instrument) and had a resistance of 2--4 MOhm in the bath recording solution.

A general model of organelle pH regulation
------------------------------------------

[@bib8] developed a general continuum model of organelle pH regulation that is based on membrane biophysics and showed that it can adequately represent pH regulation in endosomes and Golgi. Here, we modify this model by removing the Na^+^/K^+^-ATPase, incorporating a calibrated description of the ClC-7 antiporter, and tuning other lysosome-specific parameters. Our model incorporates the salient features of the acidification process as shown in [Fig. 1 A](#fig1){ref-type="fig"}, and tracks the total number of ions in the lumen over time. Each ion type is represented by a time-dependent variable, and its change is governed by a differential equation. For instance, the number of protons in the lumen is given by H^+^, and the rate of change is determined by the proton flux across the membrane facilitated by proton channels and transporters. The differential equation describing the change in the number of luminal H^+^ is:$$\begin{array}{l}
{\frac{d\text{H}^{+}}{dt} = N_{\text{v}} \times J_{\text{v}}\left( \text{pH}_{\text{L}},\Delta\Psi \right) - N_{\text{ClC}} \times J_{\text{ClC}}\left( \Delta\text{pH,Cl}_{\text{L}},\text{Cl}_{\text{C}},\Delta\Psi \right) -} \\
{P_{\text{H}^{+}} \times S \times \frac{U\left( \left\lbrack \text{H}^{+} \right\rbrack_{\text{L}} - \left\lbrack \text{H}^{+} \right\rbrack_{\text{C}} \times e^{- U} \right)}{1 - e^{- U}},} \\
\end{array}$$where *J*~V~ is the proton pumping rate of a single V-ATPase (defined as positive when H^+^ enter the lysosome), *J*~ClC~ is the proton removal rate by ClC-7, and *N*~V~ and *N*~ClC~ are the number of V-ATPases and ClC-7 antiporters, respectively. The last term of [Eq. 1](#fd1){ref-type="disp-formula"} is the passive, non--voltage-activated proton leak with a permeability *P*~H+~ per unit area. The surface area of the compartment is *S*, and *U* is the reduced membrane potential, ΔΨ/*k*~B~*T*, where *k*~B~*T* is a thermal energy unit, and ΔΨ is the membrane potential arising from charge imbalance in the organelle. *k*~B~ is the Boltzmann constant and *T* is the temperature measured in Kelvin. The subscripts C and L denote a cytosolic or luminal quantity, respectively. Similar to [Eq. 1](#fd1){ref-type="disp-formula"}, the differential equation describing the rate of change of luminal chloride ions, Cl^--^, is:$$\begin{array}{l}
{\frac{d\text{Cl}^{-}}{dt} = n \times N_{\text{ClC}} \times J_{\text{ClC}}\left( \Delta\text{pH,Cl}_{\text{L}},\text{Cl}_{\text{C}},\Delta\Psi \right)\text{+}} \\
{P_{\text{Cl}^{-}} \times S \times \frac{U\left( \left\lbrack \text{Cl}^{-} \right\rbrack_{\text{L}} - \left\lbrack \text{Cl}^{-} \right\rbrack_{\text{C}} \times e^{+ U} \right)}{1 - e^{+ U}}.} \\
\end{array}$$

![A model of lysosomal acidification and the key ionic currents. (A) Factors involved in lysosomal acidification and illustration of the mathematical model. Effective lysosomal acidification requires the V-ATPase, counterion flows, and other factors. First, proton leak has been identified as an important determinant of pH~L~ in lysosomes ([@bib41]) and organelles along the secretory pathway ([@bib47]). The molecular identity of this leak channel in lysosomes is unknown, but the nonselective cation channel TRP-ML1 has been implicated ([@bib38]), and the voltage-gated Hv1 proton channel ([@bib30]; [@bib34]), found in phagosomes ([@bib31]), is also a potential candidate. Second, lysosomal acidification can be influenced by Donnan particles, which are negatively charged proteins and molecules trapped in the lumen of the organelle that affect ion homeostasis through the membrane potential ([@bib26]). Third, the buffering capacity of the luminal contents can drastically affect the rate of pH changes as well as the total charge composition ([@bib8]). Finally, it has been suggested that chloride, potassium, and/or sodium ions may serve as counterions during lysosomal acidification ([@bib13]; [@bib3]; [@bib27]; [@bib25]; [@bib41]; [@bib17]; [@bib38]; [@bib39]). (B) ClC-7 antiporter whole cell current recordings. Starting from a resting potential of +20 mV, we applied a pulse protocol that stepped to a holding voltage ranging from --140 mV to +100 mV for 1,600 ms before returning to the original resting potential. (C) Current--voltage curve for the ClC-7 antiporter. The steady-state currents at 1,500 ms in B were used to create the current--voltage curve under conditions that slightly favor Cl^--^ exit (H^+^ entry) from what would be the lysosomal lumen (diamonds). The solid line is the model fit from [Eq. 3](#fd3){ref-type="disp-formula"} in the Materials and methods. (D) Chloride pumping profile for a single ClC-7 antiporter. This pumping surface was created using [Eq. 3](#fd3){ref-type="disp-formula"} in the Materials and methods. Single transporter fluxes are not known, so this surface is based on estimates of single transporter turnover as well as the global fit shown in C. (E) Proton pumping profile for the V-ATPase. This surface is based on an earlier model ([@bib9]). For D and E, positive values indicate ions entering the lysosome.](JGP_201210930_Fig1){#fig1}

The first term on the right-hand side of [Eq. 2](#fd2){ref-type="disp-formula"} is the Cl^--^ flux due to ClC-7, and the second term is a passive Cl^--^ leak characterized by a permeability per unit area *P*~Cl^--^~. The coefficient *n* in [Eq. 2](#fd2){ref-type="disp-formula"} determines the stoichiometry of ClC-7, which is known to be 2 (2 Cl^--^:1 H^+^), but changing *n* makes it possible to explore hypothetical situations.

Flux characteristics of V-ATPase and ClC-7
------------------------------------------

The ability of our computational model to have real predictive power hinges on accurately representing the flux characteristics of each channel and transporter present in the cellular compartment. Here, *J*~V~ is given by a detailed mechanochemical model of the V-ATPase, which was calibrated against experimental current--voltage data ([@bib8]). This flux depends on pH~L~ and ΔΨ according to the performance surface shown in [Fig. 1 E](#fig1){ref-type="fig"}. We characterized the ClC-7 antiporter turnover rate, *J*~ClC~, by constructing an empirical function that fits the current--voltage (I-V) curve in [Fig. 1 C](#fig1){ref-type="fig"}. The I-V curve has two distinct regimes: one that is linear at positive voltages and a second region that is cubic at negative voltages ([Fig. 1 C](#fig1){ref-type="fig"}, diamonds). Therefore, we fit the experimental data to an equation that transitions from being linear to cubic as a switching function x goes from being zero at negative ΔΨ to 1 at positive ΔΨ. However, rather than writing *J*~ClC~ as a function simply of ΔΨ, we chose to express it as a function of the driving force for ClC-7 turnover, Δμ~ClC~, for reasons that follow. Thus, the ClC-7 turnover rate is written as:$$J_{\text{ClC}} = x \times a\Delta\mu_{\text{ClC}} + \left( 1 - x \right) \times b\left( \Delta\mu_{\text{ClC}} \right)^{3},$$where$$x = \frac{1}{2} + \frac{1}{2} \times \text{tanh}\left( \frac{\Delta\mu_{ClC} + 250}{75} \right)$$and$$\Delta\mu_{ClC} = \left( {n + 1} \right) \times \Delta\Psi + \frac{k_{B}T}{e} \times \left( {2.3 \times \Delta pH + n \times \ln\frac{\left\lbrack Cl^{-} \right\rbrack_{C}}{\left\lbrack Cl^{-} \right\rbrack_{L}}} \right).$$In the equations above, *e* is an elementary charge unit, *n* is the ClC-7 stoichiometry, *x* is the switching function, and *a* and *b* are constants. The quantity *k*~B~*T*/*e* is equal to *RT*/*F*, where *R* is the gas constant and *F* is Faraday's constant. At room temperature (25°C), *RT*/*F* = 25.69 mV, which is the value used in all numerical simulations. Expressing the ClC-7 turnover rate as a polynomial function of the driving force automatically enforces detailed balance, as when Δμ~ClC~ is zero both the linear and cubic terms in [Eq. 3](#fd3){ref-type="disp-formula"} are zero. Thus, the antiporter stops transporting ions when the driving force is zero. We determined the value of the constants *a* = 0.3 and *b* = 1.5 × 10^−5^ by fitting [Eq. 3](#fd3){ref-type="disp-formula"} (solid curve) to the experimental measured macroscopic currents reported in picoAmps ([Fig. 1 C](#fig1){ref-type="fig"}, diamonds). Coincidentally, using these numeric values for *a* and *b* closely reproduces the experimental estimates for single antiporter rates measured in ions per second for a bacterial homologue of ClC-7 ([@bib43]). Thus, we simply multiplied [Eq. 3](#fd3){ref-type="disp-formula"} by --2, giving --2 × *J*~ClC~, to produce the single antiporter Cl^--^ performance surface in [Fig. 1 D](#fig1){ref-type="fig"}.

Membrane potential
------------------

Our model incorporates a physical model of the membrane potential ([@bib33]), which depends on the net accumulation of charged ions in the lumen of the compartment described by the following equation:$$\Delta\Psi = \frac{F}{C_{0}S}\left\lbrack {V\left( {{\sum\limits_{\text{i}}{n_{\text{i}}\left\lbrack \text{cation} \right\rbrack}} - {\sum\limits_{\text{j}}{n_{\text{j}}\left\lbrack \text{anion} \right\rbrack +}}\beta \times \left( \text{pH}_{\text{C}} - \text{pH}_{\text{L}}\text{)} \right.} \right) - B \times V_{0}} \right\rbrack,$$where *C*~0~ is the membrane capacitance, *S* is the surface area, *V* is the lysosomal volume, i and j run over all cation and anion species, *n*~i~ and *n*~j~ are their respective valences, *β* is the buffering capacity, *B* is the luminal concentration of impermeant charges, which are primarily fixed negative protein charges trapped in the lumen, and *V*~0~ is the initial lysosomal volume. Because *B* does not vary with *V*, *B* must be multiplied by *V*~0~ when *V* is not constant. By convention, the membrane potential is negative when there are more negatively charged ions inside the compartment relative to outside.

The total membrane potential, ΔΨ~Total~, is the membrane potential caused by the charge imbalance shown in [Eq. 4](#fd4){ref-type="disp-formula"} plus the potentials caused by the intrinsic charge on the outer and inner leaflets of the lysosomal membrane: ΔΨ~Total~ = ΔΨ + (Ψ~Out~ − Ψ~In)~, where Ψ~Out~ and Ψ~In~ are the outer and inner leaflet potentials, respectively. To start each simulation, *B* in Eq. 4 was adjusted to set the initial ΔΨ~Total~ to 0 mV or other values indicated in the text.

To account for the effects of surface charge on the ionic concentrations at the membrane, the ion concentration values used in Eqs. 1, 2, 3, and 5 are modified by a Boltzmann factor that depends on the leaflet potentials as follows:$$\begin{matrix}
{\left\lbrack \text{C}_{\text{i}} \right\rbrack_{\text{L},0} = \left\lbrack \text{C}_{\text{i}} \right\rbrack_{\text{L}} \times \text{exp}\left( \frac{- z_{\text{i}}F\Psi_{\text{In}}}{RT} \right)} \\
{\left\lbrack \text{C}_{\text{i}} \right\rbrack_{\text{C},0} = \left\lbrack \text{C}_{\text{i}} \right\rbrack_{\text{C}} \times \text{exp}\left( \frac{- z_{\text{i}}F\Psi_{\text{Out}}}{RT} \right),} \\
\end{matrix}$$where \[C~i~\]~L~ and \[C~i~\]~C~ are luminal and cytosolic concentrations of the ion i, respectively. The surface concentrations are denoted by a zero subscript and the valence and charge of the ion are indicated by *z*~i~. Importantly, surface potentials do not modify the concentration values used to compute the membrane potential, as these values represent the total luminal charge.

Flux of passive water
---------------------

Ionic concentration differences across a bilayer give rise to an osmotic pressure difference that drives the flow of water in the direction of higher osmolyte concentrations. Thus, as ions enter or leave the lysosome during acidification, water will enter or leave the lysosome, respectively. Ignoring any differences in hydrostatic pressure across the membrane, the flux of water can be modeled as ([@bib42]):$$J_{\text{W}} = P_{\text{W}} \times S \times \nu_{\text{W}} \times \left( {{\sum\limits_{\text{i}}{\varphi_{\text{i}} \times \left\lbrack \text{C}_{\text{i}} \right\rbrack_{\text{L}}}} - \Phi_{\text{C}}} \right),$$where the sum runs over all luminal ion species, *ϕ*~i~ is the osmotic coefficient of ionic species i, Φ~C~ is the osmolarity of the cytoplasm, *P*~W~ is water permeability of the membrane, *S* is surface area, and ν~W~ is the partial molar volume of water (18 cm^3^/mol). All simulations started from osmotic equilibrium, which we obtained by adjusting Φ~C~.

Parameter values
----------------

As displayed in [Table 1](#tbl1){ref-type="table"}, we used experimentally determined parameter values whenever possible. In the simulations we report, the buffering capacity was kept constant at 40 mM/pH, but we performed additional simulations in which we varied the buffering capacity and found that these changes did not alter our conclusions. An early study reported a lysosomal proton permeability value of 2.9 × 10^−4^ cm/s ([@bib41]). From fits in [Fig. 2 A](#fig2){ref-type="fig"}, we estimated *P*~H+~ to be five times smaller at 6 × 10^−5^ cm/s, and we used this value in all simulations. We performed additional simulations using the larger *P*~H+~ value, and the primary difference is an increase in the number of V-ATPases required to achieve a low pH~L~. For all simulations in [Fig. 2](#fig2){ref-type="fig"}, we assumed that the lysosomes are at a quasi-steady-state before the addition of valinomycin. In the presence of ClC-7 and a small proton leak ([Fig. 2 A](#fig2){ref-type="fig"}), this is a very easy constraint to satisfy because ClC-7 cannot initiate transport without the counterion flow provided by K^+^ entry. However, for all other panels ([Fig. 2, B--D](#fig2){ref-type="fig"}) this adds a serious constraint to the initial ionic balance because the membrane potential must be very close to the Nernst potential for H^+^. In fact, this constraint could not be met in [Fig. 2 D](#fig2){ref-type="fig"} using the experimentally measured ionic conditions. For simulations including water flow, we used the passive membrane permeability, *P*~W~, measured for endosomes, which is 0.052 cm/s ([@bib22]). We assumed that the osmotic coefficient was 0.73 for all charged solutes ([@bib16]), and while the cytoplasmic/external osmolyte concentration, Φ~C~, was adjusted to maintain equilibrium, it was typically ∼290 mM.

###### 

Model parameters

  Description                                                           Units       Symbol          Value           Reference
  --------------------------------------------------------------------- ----------- --------------- --------------- ------------------------------------------
  Cytosolic pH                                                                      pH~C~           7.2             [@bib32]; [@bib46]
  Cytosolic potassium concentration                                     mM          \[K^+^\]~C~     145             [@bib1]
  Cytosolic sodium concentration                                        mM          \[Na^+^\]~C~    10              [@bib1]
  Cytosolic chloride concentration                                      mM          \[Cl^--^\]~C~   5--50           [@bib37]; [@bib1]
  Luminal pH (initial)                                                              pH~L~           7.4             [@bib1][a](#tblfn1){ref-type="table-fn"}
  Luminal potassium concentration (initial)                             mM          \[K^+^\]~L~     5               [@bib1][a](#tblfn1){ref-type="table-fn"}
  Luminal sodium concentration (initial)                                mM          \[Na^+^\]~L~    145             [@bib1][a](#tblfn1){ref-type="table-fn"}
  Luminal chloride concentration (initial)                              mM          \[Cl^--^\]~L~   110             [@bib1][a](#tblfn1){ref-type="table-fn"}
  Proton permeability[b](#tblfn2){ref-type="table-fn"}                  cm/s        P~H+~           6 × 10^5^       
  Potassium permeability                                                cm/s        P~K+~           7.1 × 10^7^     [@bib12]
  Sodium permeability                                                   cm/s        P~Na~^+^        9.6 × 10^7^     [@bib12]
  Chloride permeability                                                 cm/s        P~Cl^−^~        1.2 × 10^5^     [@bib12]
  Bilayer capacitance                                                   µF/cm^2^    C~0~            1               [@bib14]
  Lysosome diameter                                                     µm                          0.68            [@bib41]
  Lysosome volume[c](#tblfn3){ref-type="table-fn"}                      L           V               1.65 × 10^16^   
  Lysosome surface area[c](#tblfn3){ref-type="table-fn"}                cm^2^       S               1.45 × 10^8^    
  Buffering capacity[d](#tblfn4){ref-type="table-fn"}                   mM/pH       *β*             40              
  Osmotic coefficient                                                               *ϕ*             0.73            [@bib16]
  Water permeability                                                    cm/s        *P~W~*          0.052           [@bib22]
  Partial molar volume of water                                         cm^3^/mol   *ν~W~*          18              [@bib42]
  Cytoplasmic osmolyte concentration[e](#tblfn5){ref-type="table-fn"}   mM          *Φ~C~*          290             

These are typical extracellular values. Values in nascent lysosomes are not known.

This value was estimated based on fits to data in [Fig. 2 A](#fig2){ref-type="fig"}. An experimental estimate based on measurements from rat liver lysosomes is 2.9 × 10^−4^ cm/s ([@bib41]).

These values are calculated for a sphere of diameter 0.68 µm.

Buffering capacity varies with the pH~L~. An earlier study reported a value of 60 mM/pH at pH~L~ 6.8, which gradually decreased to 20 mM/pH at pH~L~ 5.2 ([@bib41]). A recent study reports a value of 61.5 mM/pH for pH~L~ 4.5--5.0 ([@bib39]). We use a constant buffering capacity that falls in between these reported values and gives a best fit value to the in vitro data in [Fig. 2 A](#fig2){ref-type="fig"}.

290 mM was a typical value, which was adjusted to maintain initial osmotic equilibrium.

![Regulation of lysosomal pH in the absence of V-ATPases. Time-dependent changes in pH~L~ from the model (blue, green, and red lines) are plotted along with the corresponding experimental recordings (diamonds, circles, and triangles; [@bib10]) for three different ionic conditions. (A) A model with ClC-7 antiporters, a K^+^ carrier, and a minor proton leak. For all scenarios, the initial ionic conditions (in millimolar) and putative ion pathways used in each scenario are displayed to the right of each panel, and the experimental conditions are the same as in A. Valinomycin was added at 16 s, and FCCP at 63 s. There is no K^+^ pathway before the addition of valinomycin, at which the potassium permeability is set to 7.1 × 10^−7^ cm/s. The proton permeability (*P*~H+~) was increased to 1 cm/s upon addition of FCCP. The model with ClC-7 matches the initial experimental pH~L~ changes, but predicts luminal acidification after addition of FCCP rather than a return to the starting pH~L~. *P*~H+~ was 6 × 10^−5^ cm/s. (B) A model with a K^+^ carrier and a proton leak. The addition of valinomycin only causes acidification, even under experimental conditions that alkalinize the lysosome (diamonds). *P*~H+~ was 2.9 × 10^−3^ cm/s. (C) pH~L~ changes elicited by K^+^ and Na^+^ channels and a proton leak. Low \[K^+^\]~L~ levels (blue curve/diamonds) failed to alkalinize the lumen as in B. *P*~H+~ was 2.9 × 10^−3^ cm/s. (D) A model with ClC-7 antiporters, a K^+^ carrier, Na^+^ channels, and a proton leak. As in scenarios B and C, this model only causes luminal acidification. *P*~H+~ was 2.9 × 10^−3^ cm/s. In B--D, the concentration of Donnan particles was adjusted to set the initial total membrane potential to 11.8 mV in order to place the system in steady state at the start of the simulations. In some cases, steady state could only be achieved by changing the initial ionic concentrations from the experimental values given in A. The leaflet potentials were --50 mV outside and 0 mV inside, and the buffering capacity was 40 mM/pH.](JGP_201210930_Fig2){#fig2}

Numerical solutions
-------------------

A system of equations for the model lysosome with V-ATPase, 2 Cl^--^:1 H^+^ ClC-7 antiporter, K^+^ and Na^+^ channels, H^+^ leak channels, and water flux are as follows:$$\begin{array}{l}
{\frac{d\text{H}^{+}}{dt} = N_{\text{v}} \times J_{\text{v}}\left( \text{pH}_{\text{L}},\Delta\Psi \right) - N_{\text{ClC}} \times J_{\text{ClC}}\left( \Delta\text{pH,Cl}_{\text{L}},\text{Cl}_{\text{C}},\Delta\Psi \right) -} \\
{P_{\text{H}^{+}} \times S \times \frac{U\left( \left\lbrack \text{H}^{+} \right\rbrack_{\text{L}} - \left\lbrack \text{H}^{+} \right\rbrack_{\text{C}} \times e^{- U} \right)}{1 - e^{- U}};} \\
\end{array}$$$$\frac{d\text{Cl}^{-}}{dt} = 2 \times N_{\text{ClC}} \times J_{\text{ClC}}\left( \Delta\text{pH,Cl}_{\text{L}},\text{Cl}_{\text{C}},\Delta\Psi \right)$$$$\frac{d\text{K}^{+}}{dt} = - P_{\text{K}^{+}} \times S \times \frac{U\left( \left\lbrack \text{K}^{+} \right\rbrack_{\text{L}} - \left\lbrack \text{K}^{+} \right\rbrack_{\text{C}} \times e^{- U} \right)}{1 - e^{- U}}$$$$\frac{d\text{Na}^{+}}{dt} = - P_{\text{Na}^{+}} \times S \times \frac{U\left( \left\lbrack \text{Na}^{+} \right\rbrack_{\text{L}} - \left\lbrack \text{Na}^{+} \right\rbrack_{\text{C}} \times e^{- U} \right)}{1 - e^{- U}}$$$$\Delta\Psi = \frac{F}{C_{0}S}\left\lbrack {V\left( {{\sum\limits_{\text{i}}{n_{\text{i}}\left\lbrack \text{cation} \right\rbrack}} - {\sum\limits_{\text{j}}{n_{\text{j}}\left\lbrack \text{anion} \right\rbrack +}}\beta \times \left( \text{pH}_{\text{C}} - \text{pH}_{\text{L}}\text{)} \right.} \right) - B \times V_{0}} \right\rbrack,$$$$\frac{d\text{pH}}{dt} = \frac{1}{\beta\left( \text{pH}_{\text{L}} \right)} \times \frac{d\left\lbrack \text{H}^{+} \right\rbrack}{dt}$$$$\frac{dV}{dt} = P_{\text{W}} \times S \times \nu_{\text{W}} \times \left( {\varphi\left( {\left\lbrack \text{H}^{+} \right\rbrack_{\text{L}} + \left\lbrack \text{K}^{+} \right\rbrack_{\text{L}} + \left\lbrack \text{Na}^{+} \right\rbrack_{\text{L}} + \left\lbrack \text{Cl}^{-} \right\rbrack_{\text{L}}} \right) - \Phi_{\text{C}}} \right).$$These equations were numerically solved with Berkeley Madonna using the Rosenbrock method for stiff differential equations or a fourth-order Runge-Kutta method when water flux was included.

Online supplemental material
----------------------------

Fig. S1 shows the time course for all simulations used to produce the data in [Fig. 7](#fig7){ref-type="fig"}. We also provide the basic Berkeley Madonna model. Online supplemental material is available at <http://www.jgp.org/cgi/content/full/jgp.201210930/DC1>.

RESULTS
=======

Central to our approach is the use of experimentally calibrated ion pumping surfaces, as shown in [Fig. 1 E](#fig1){ref-type="fig"} for the V-ATPase, in an attempt to approximate the true lysosomal conditions as closely as possible. A model loosely based on our earlier work ([@bib8]) was recently used to examine lysosomal acidification ([@bib45]), but this study lacked detailed representations of the V-ATPase and ClC-7 transporters, and it considered only a limited number of potential transport proteins under a restricted range of environmental conditions. Here, we broaden the scope of the [@bib45] study by simulating a large number of scenarios and exploring the influence that increased biophysical accuracy has on the conclusions.

To address this gap in the literature, we experimentally determined the current--voltage properties of the ClC-7 antiporter. We expressed rat ClC-7 in HeLa cells with a mutation that facilitates trafficking of the antiporter to the plasma membrane at levels high enough to permit electrophysiological recordings in whole cell patch clamp recordings ([@bib21]; [Fig. 1 B](#fig1){ref-type="fig"}). The usual electrophysiological convention is to consider the voltage on the extracellular side of the membrane to be zero (ground). Here, however, we remain consistent with other studies of organellar channels/transporters ([@bib27]; [@bib11]; [@bib4]; [@bib41]; [@bib8]; [@bib7]; [@bib45]) and use the opposite convention; we call the voltage at the cytosol zero, and positive ions flowing into the lumen is a positive current. With our convention, [Fig. 1 C](#fig1){ref-type="fig"} shows that ClC-7 is a strong inward rectifier. Inward rectification indicates that the primary direction of H^+^ flow is into the lumen and Cl^--^ flow is out of the lumen, which is the wrong direction to act as a counterion flow but may aid in acidification. Therefore, to reduce the membrane potential, ClC-7 must operate in the direction that produces a small flux of current ([@bib21]). We constructed the analytic function in [Eq. 3](#fd3){ref-type="disp-formula"} (see Materials and methods), which is an excellent fit to the data ([Fig. 1 C](#fig1){ref-type="fig"}, solid curve), and which automatically enforces the correct reversal potential for all ionic conditions. In [Fig. 1 D](#fig1){ref-type="fig"} we computed the Cl^--^ pumping rate surface for a single antiporter by scaling the current to give a maximum single transporter turnover of 1,000 s^−1^, as reported by [@bib43] for ClC-ec1, a bacterial homologue of ClC-7. For a more detailed mathematical description, including how the ClC-7 and V-ATPase pumping profiles are incorporated into the model, refer to the Materials and methods.

It is important to highlight that the currents measured in the whole cell recordings at positive voltages are within the range of the baseline currents measured in nontransfected cells ([Fig. 1 B](#fig1){ref-type="fig"}). Thus, we cannot unambiguously determine if Cl^--^ exit from the cytosol (into the lysosome) is possible, nor can we determine the magnitude of the current. ClC-7 antiporter turnover in this direction is essential in our simulations, as counterion compensation is entirely dependent on Cl^--^ carried into the lysosome in the very shallow portion of the current--voltage curve ([Fig. 1 C](#fig1){ref-type="fig"}). However, because we scale ClC-7 currents by a parameter corresponding to the number of antiporters, the exact magnitude of the current is not important. Until we have a specific pharmacologic inhibitor, we have no tools to more accurately assess the background currents in ClC-7 plasma membrane--expressing cells. However, as discussed in the next subsection, previously published results suggest that ClC-7 is indeed capable of carrying Cl^--^ both into and out of lysosomes isolated from native tissue ([@bib10]). Should ClC-7 prove to be an ideal rectifier, carrying no current at luminal positive voltages, our models would have to be reconsidered.

ClC-7 explains in vitro acidification changes in the absence of ATP
-------------------------------------------------------------------

We first considered lysosomes that lack the full acidification machinery, as this allows us to focus on the accuracy of the remaining elements such as the Cl^--^ transport pathway. In particular, we examined in vitro experiments performed on rat liver lysosomes incubated in the absence of ATP to prevent V-ATPase--dependent proton pumping. Using this system, [@bib10] showed that an imposed Cl^--^ gradient can drive V-ATPase--independent changes in pH~L~ and suggested that this is caused by the ClC-7--mediated coupled antiport of H^+^ and Cl^--^ across the lysosomal membrane ([@bib10]). To quantitatively evaluate this hypothesis, we performed a series of simulations under the same ionic conditions ([Fig. 2](#fig2){ref-type="fig"}). As in the experiments, we imposed an initial Cl^--^ gradient with low internal Cl^--^ to drive Cl^--^ entry when the membrane potential is small and Cl^--^ exit when the membrane potential is large and negative. We controlled the membrane potential by varying the initial luminal concentration of K^+^ (\[K^+^\]~L~), while leaving the cytosolic concentration unchanged. Addition of the K^+^ carrier valinomycin pushes the membrane potential toward the reversal potential for K^+^, *E*~K~, which is 0 mV (diamonds), −46 mV (circles), or −92 mV (triangles) for the three conditions simulated. We represented the addition of valinomycin through the activation of a K^+^-specific permeability at 16 s. All experiments were terminated by the addition of carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP; [@bib10]), which we modeled by introducing a large, passive proton permeability at 63 s.

Initially, pH~L~ is constant both in the model (solid curves) and the experiments (symbols). In the model this occurs because a substantial membrane potential builds up almost instantaneously to oppose the Cl^--^ gradient and stop transport via ClC-7 ([Fig. 3](#fig3){ref-type="fig"}). When *E*~K~ is −92 mV, the addition of valinomycin drives the membrane potential negative and forces luminal Cl^--^ to exit and cytosolic H^+^ to enter via ClC-7, acidifying the lysosome ([Fig. 2 A](#fig2){ref-type="fig"}, red curve/triangles). However, when there is no K^+^ gradient, valinomycin draws the membrane potential toward zero, causing Cl^--^ to enter and H^+^ to exit, resulting in alkalinization ([Fig. 2 A](#fig2){ref-type="fig"}, blue curve/diamonds). A K^+^ gradient that sets the membrane voltage to *E*~ClC~, the ClC-7 reversal potential, leads to no net change in pH~L~ ([Fig. 2 A](#fig2){ref-type="fig"}, green curve/circles). Before the addition of FCCP, our simulations are in excellent agreement with the experiment. Based on our fits, the passive H^+^ permeability (*P*~H+~) of the lysosome is 6 × 10^−5^ cm/s, which is five times smaller than previous estimates ([@bib41]); however, H^+^ flux mediated by the ClC-7 antiporter may have led to overestimates of *P*~H+~ in past studies. Additionally, we estimate that there are 5,000 ClC-7 antiporters in each lysosome, occupying roughly 3--5% of the surface area. Once *P*~H+~ and buffering capacity values have been set, the fits in [Fig. 2 A](#fig2){ref-type="fig"} are robust to the choice of model parameters. The magnitudes of the changes depend only on the ClC-7 transport stoichiometry. Thus, our model supports the hypothesis that ClC-7 is present in lysosomes and that it influences the ionic homeostasis of the organelle.

![Predicted lysosomal membrane potential. Simulations and color coding are identical to those described in [Fig. 2 A](#fig2){ref-type="fig"} for a model containing ClC-7 antiporters, a K^+^ carrier, and a minor proton leak, but no V-ATPases. The red curve was simulated with a high initial \[K^+^\]~L~ (200 mM), the green curve with moderate \[K^+^\]~L~ (30.6 mM), and blue curve with low \[K^+^\]~L~ (5 mM). Initially, the membrane potential is enforced to be zero, but quickly becomes --45 mV, which stops ion transport via ClC-7 and brings the system to a steady state. Valinomycin was added at 16 s, at which point the potassium permeability was increased from 0 to 7.1 × 10^−7^ cm/s to account for this additional pathway. The membrane potential changed according to whether K^+^ exited or entered the lysosome. In all cases, the membrane potential remained negative during this period. FCCP was added at 63 s, which was modeled by increasing *P*~H+~ from 6 × 10^−5^ cm/s to 1 cm/s. This caused a spike in the membrane potential due to an inward flux of H^+^.](JGP_201210930_Fig3){#fig3}

We also considered the possibility that changes to pH~L~ depend on ion fluxes other than Cl^--^~.~ We modeled lysosomes that contain only H^+^ leak channels ([Fig. 2 B](#fig2){ref-type="fig"}), Na^+^ and H^+^ channels ([Fig. 2 C](#fig2){ref-type="fig"}), and Na^+^ and H^+^ channels along with ClC-7 antiporters ([Fig. 2 D](#fig2){ref-type="fig"}). In the presence of a H^+^ leak alone, we could only observe pH~L~ changes by significantly increasing *P*~H+~ by a factor of 10 over the experimentally reported value ([@bib41]) and \>50 times the best-fit value used in [Fig. 2 A](#fig2){ref-type="fig"}. Even with this large increase, this minimal model fails to describe the data ([Fig. 2 B](#fig2){ref-type="fig"}). We then included Na^+^ and H^+^ channels, but this additional consideration also failed to describe the experimental pH~L~ changes ([Fig. 2 C](#fig2){ref-type="fig"}). Finally, we considered a model lysosome containing all three pathways: ClC-7 antiporters, Na^+^ channels, and H^+^ channels. This model also failed to describe the observed changes in pH~L~ ([Fig. 2 D](#fig2){ref-type="fig"}). In summary, cation channels alone or K^+^, Na^+^, and H^+^ channels combined with ClC-7 cannot explain the observed lysosomal pH changes ([@bib10]). However, a lysosome containing a ClC-7 antiporter and a small-conductance H^+^ channel fits the initial dynamics and magnitudes very well.

Surprisingly, all tested scenarios failed to match the changes in pH~L~ caused by the addition of FCCP, which dissipated the accumulated pH gradient as if clamping the voltage near zero. Just before FCCP addition, the model predicts negative membrane potentials for all scenarios ([Fig. 3](#fig3){ref-type="fig"}). The negative membrane potential causes luminal acidification after FCCP addition rather than the return to baseline observed experimentally. For the ClC-7 model considered in [Fig. 2 A](#fig2){ref-type="fig"}, the fit between the simulated and the observed magnitudes of the pH~L~ changes strongly, which indicates that the model is predicting the true membrane potential once valinomycin is added, and raises the question as to why adding a protonophore did not cause acidification in the experiments. We were unable to improve the quality of the fits by varying model parameters or by including voltage-gated Na^+^ channels or voltage-gated ClC-7 antiporters (unpublished data). The model can describe the data if the experimentally measured ionic concentrations are incorrect, but it is also possible that we are missing some regulatory element, further highlighting the need for well-controlled in vitro experiments that quantitatively measure key values. A possible explanation of this discrepancy with the experiment is that the addition of FCCP to valinomycin-treated lysosomes induces a nonspecific leak in the organelle membrane, which pulls the potential toward 0 mV. To prevent this uncertainty from undermining our current study, in the simulations that follow, we explored a wide range of environmental variables relevant to lysosomal pH regulation.

ClC-7 promotes robust acidification
-----------------------------------

The major focus of our work is to understand how steady-state pH~L~ values are influenced by counterion identity for lysosomes undergoing active acidification via the V-ATPase proton pump. Recent studies suggest that K^+^ and/or Na^+^, instead of Cl^--^, could be the primary counterions ([@bib39]; [@bib45]). We explored this hypothesis by comparing the effectiveness of K^+^ channels, Na^+^ channels, Cl^--^ channels, and ClC-7 antiporters in creating an acidic lysosomal interior. For this set of simulations, we used the proton permeability value determined by fitting the in vitro data in [Fig. 2 A](#fig2){ref-type="fig"}, and with this value of *P*~H+~, 300 V-ATPases were needed to achieve a low pH~L~. The initial luminal concentrations of ions inside nascent organelles are poorly characterized, and to address this uncertainty, we assessed a wide range of initial ionic conditions for their influence on steady-state pH~L~. Using 5,000 antiporters, determined from our analysis in the next subsection, we see that ClC-7 promotes robust acidification across the entire initial chloride concentration range investigated ([Fig. 4 A](#fig4){ref-type="fig"}). Additionally, ClC-7 achieves pH~L~ that is ∼1/2 a unit lower than a Cl^--^ channel. This result corroborates modeling performed by [@bib45] for one particular condition, but further demonstrates that ClC-7 is effective over a large range of luminal chloride concentrations.

![Steady-state pH~L~ in the presence of the V-ATPase proton pump. (A) Steady-state pH~L~ as a function of initial luminal concentration for four different counterion flows: ClC-7 antiporter, Cl^--^, K^+^, or Na^+^ channel. For each curve, the initial concentration of the ion being transported was varied from 1 to 200 mM. Thus, for simulations including Cl^--^ channels, the initial \[Cl^--^\]~L~ was varied from 1 to 200 mM, and the steady-state pH~L~ was determined for each concentration. (B) The steady-state membrane potentials for the simulations in A. (C) Steady-state pH~L~ as a function of cytosolic Cl^--^ concentration for models containing either Cl^--^ channels or ClC-7 antiporters. (D) The steady-state membrane potentials for the simulations in C. All simulations included *P*~H+~ of 6 × 10^−5^ cm/s and 300 V-ATPases. Simulations with ClC-7 antiporters included 5,000 transporters, and the model lysosome was spherical with a diameter of 0.68 µm ([@bib41]). In all simulations, the initial luminal concentrations of ions were equal to typical extracellular values, except for the concentrations being explicitly varied along the x axes. All other parameter values are given in [Table 1](#tbl1){ref-type="table"}.](JGP_201210930_Fig4){#fig4}

Cation channels, however, only allow acidification less than pH~L~ 5.0 if the initial luminal concentration of the permeant cation is \>100 mM ([Fig. 4 A](#fig4){ref-type="fig"}). The K^+^ concentration values necessary for effective acidification are far greater than typical extracellular K^+^ values (5 mM), but are close to extracellular Na^+^ concentrations (145 mM; [@bib1]). However, there are few experimental estimates of lysosomal cation concentrations, and those that do exist are not in agreement. For instance, [@bib39] predict \[K^+^\]~L~ and \[Na^+^\]~L~ to be 50 mM and 20 mM, respectively, at pH~L~ 6.0 in macrophages, whereas in HEK293T cells [@bib44] argue that Na^+^ is 100-fold higher than K^+^ ([@bib44]). According to our model, these former concentrations at pH~L~ 6.0 are too small to allow effective acidification unless both K^+^ and Na^+^ channels are present ([Fig. 5](#fig5){ref-type="fig"}). It is difficult to judge the result from [@bib44] because their measurements are presumably performed on lysosomes that have already achieved an acidic lumen. However, lysosomes containing K^+^ and Na^+^ channels that acidify from the initial luminal concentrations suggested by [@bib39] give rise to steady-state luminal cation concentrations that do not match the values from the [@bib44] study (partly [Fig. 5](#fig5){ref-type="fig"}, but not all data are shown), potentially pointing to a discrepancy between the Steinberg and Wang studies.

![Dynamics of lysosomal acidification for two different counterion pathway models. The top curve is from a model containing only K^+^ and Na^+^ channels, and the bottom curve is from a model that has both cation channels in addition to ClC-7 antiporters. The initial conditions were set to \[K^+^\]~L~ = 50 mM, \[Na^+^\]~L~ = 20 mM, \[Cl^--^\]~L~ = 1 mM, and pH~L~ 6.0 as reported by [@bib39]. For these values, cation channels alone can achieve a pH~L~ of 5.0, but the addition of ClC-7 lowers the pH another 1/2 unit. Both simulations included *P*~H+~ of 6 × 10^−5^ cm/s and 300 V-ATPases. The simulation with ClC-7 antiporters included 300 transporters. The buffering capacity was 40 mM/pH, and all other parameter values are given in [Table 1](#tbl1){ref-type="table"}.](JGP_201210930_Fig5){#fig5}

The steady-state membrane potential values corresponding to [Fig. 4 A](#fig4){ref-type="fig"} are shown in [Fig. 4 B](#fig4){ref-type="fig"}. ClC-7 antiporters result in lower membrane potentials than Cl^--^ channels, which explains their ability to facilitate greater acidification. K^+^ channels alone only result in positive membrane potentials, and for Na^+^ or K^+^ channels, if the initial luminal concentrations are \<60 mM, the final membrane potential is \>120 mV, showing how cations require high numbers to allow acidification below pH~L~ 6.0. We also explored the influence of organelle size on the steady-state properties, and we determined that the pH and membrane potential were unaffected by changes in lysosomal diameter from 0.2 to 1 µm (unpublished data).

We also examined how the cytosolic Cl^--^ concentration (\[Cl^--^\]~C~) impacted the resting membrane potential and pH of lysosomes containing ClC-7 antiporters and Cl^--^ channels. The majority of the calculations presented here assume a \[Cl^--^\]~C~ value of 10 mM ([@bib1]), but recent measurements indicate that the value is 45 mM ([@bib37]). As expected, the steady-state pH~L~ is more acidic at \[Cl^--^\]~C~ of 50 mM than it is at 10 mM because the driving force for Cl^--^ entry into the lysosome is larger at 50 mM ([Fig. 4 C](#fig4){ref-type="fig"}). However, the difference is \<0.5 pH units, indicating again that the resting pH~L~ is relatively insensitive to chloride levels. In fact, the ClC-7 antiporter aids acidification to pH~L~ 5.0 even at a \[Cl^--^\]~C~ of 1 mM, which shows that ClC-7 antiporters could successfully aid acidification even in dialysis experiments that remove cytosolic Cl^--^ if trace amounts of chloride remain. The resting membrane potential for ClC-7--containing lysosomes is predicted to be positive for \[Cl^--^\]~C~ values \<10 mM, whereas Cl^--^ channel containing lysosomes have positive membrane potentials across the entire range ([Fig. 4 D](#fig4){ref-type="fig"}).

The simulations shown in [Fig. 4](#fig4){ref-type="fig"} are based on a constant buffering capacity of 40 mM/pH, but the lysosomal buffering capacity changes with pH. Thus, we also explored the effect of varying buffering capacity on the steady-state pH and membrane potential. Lowering the buffering capacity shifts both the steady-state pH curves and the steady-state membrane potential curves for K^+^ and Na^+^ channels in [Fig. 4 (A and B)](#fig4){ref-type="fig"} to the left, making these channels more effective at promoting acidification. The steady-state pH values of ClC-7-- and Cl^--^ channel--mediated counterion models are insensitive to changes in buffering capacity, although the steady-state membrane potential values become slightly more negative than those shown in [Fig. 4 B](#fig4){ref-type="fig"}. The question remains as to the true buffering capacity of the lysosome. [@bib41] reported a small value of 20 mM/pH at pH 5.25, but a much larger value of 60 mM/pH at pH 6.75, and we used a value of 40 mM/pH for our simulations, which falls in the middle of this range. However, [@bib39] reported a buffering capacity of 61.5 mM/pH in the pH 4.5--5.0 range. Thus, it is likely that the value we used in our simulations is an underestimate of the true buffering capacity value, and the true value is likely to make it even more difficult for cation channels alone to facilitate acidification.

Differential changes in volume
------------------------------

Regardless of the identity of the counterion pathway, acidification must be accompanied by a large change in ionic conditions, which will impact the osmolarity of the lysosomal compartment. In the case of ClC-7 or a passive Cl^--^ channel, large quantities of Cl^--^ will enter the lumen to offset the accumulation of protons; however, if the pathway is dominated by cations, then K^+^ or Na^+^ will exit the lysosome. The vast majority of the protons that enter the lysosome are buffered, and therefore do not contribute to the osmolarity. Thus, anion entry will increase the osmolarity and cause the lysosome to expand, while cation exit will cause the lysosome to shrink. We recalculated the acidification simulations in [Fig. 4 A](#fig4){ref-type="fig"} this time, including a term for the corresponding water flux. Interestingly, the steady-state pH values are nearly identical to those presented in [Fig. 4 A](#fig4){ref-type="fig"} (not depicted), but the compartments do change volume as hypothesized. ClC-7 antiporters or Cl^--^ channels cause the lysosomes to swell by 33--35% or 22--28%, respectively ([Fig. 6](#fig6){ref-type="fig"}). Depending on the quantity of cations that leave the compartment, and correspondingly the degree of acidification, K^+^ or Na^+^ exit cause a 0--25% or 0--29% reduction in volume, respectively. For the parameters used here, our results indicate that the percent change in lysosomal volume is quite similar, regardless of the counterion. Moreover, the volume changes are so small that it is unclear if direct visualization with light microscopes commonly used in these experiments could identify swelling from shrinking.

![Different counterion pathways have different effects on lysosomal volume. The simulations reported are identical to those shown in [Fig. 4 A](#fig4){ref-type="fig"} except for the initial lysosomal volume and the inclusion of water flux. For each counterion pathway, the initial concentration of the ion being transported was varied from 1 to 200 mM, and the percentage change in the steady-state volume relative to the initial volume was calculated. The initial volume and surface area were set to 3.3 × 10^−17^ L and 6.2 × 10^−9^ cm^2^, respectively. The lysosome with ClC-7 resulted in the greatest increase in volume as it acidifies, and the final volume was close to the volume of the sphere with the same surface area as the initial value.](JGP_201210930_Fig6){#fig6}

Different counterion pathways have distinct kinetic signatures
--------------------------------------------------------------

Potentially the most promising experiments for identifying the counterions and their carriers involve the use of quantitative fluorescent dyes to track the changes in Cl^--^, K^+^, or Na^+^ during acidification. Although the Verkman laboratory has performed seminal studies measuring chloride changes in nascent endosomes ([@bib37]; [@bib36]), reliable cation and anion dyes are not readily available at present, and no such experiments have been performed on lysosomes. In anticipation of a reliable K^+^ dye becoming publically available, we simulated the time-dependent change in \[K^+^\]~L~ as well as the steady-state \[K^+^\]~L~ during acidification of a lysosome starting from steady state ([Fig. 7](#fig7){ref-type="fig"}). Both the dynamics and steady-state values depend on counterion pathways and initial ionic conditions. Thus, we performed simulations of a lysosome containing a K^+^ channel alone as well as in combination with a Na^+^ channel, Cl^--^ channel, or ClC-7 antiporter. For each of the four combinations of counterion pathways, the simulations were performed with high (150 mM) or low (10 mM) permeant ion concentrations. This resulted in four simulations for the scenarios involving two permeant ions and two simulations for the scenario involving only K^+^ channels. The steady-state \[K^+^\]~L~ values for all simulations are given in the tables in [Fig. 7](#fig7){ref-type="fig"}. We color-coded the simulation for each scenario that corresponds to typical extracellular values and showed the corresponding dynamics on the graph to the left. Unlike all other scenarios, lysosomes containing ClC-7 antiporters resulted in an increase in \[K^+^\]~L~ once acidification was initiated by the addition of ATP ([Fig. 7](#fig7){ref-type="fig"}, blue 3 in graph). This increase in \[K^+^\]~L~ occurs for all simulations in scenario 3 that contain ClC-7 and none of the simulations that lack ClC-7 antiporters ([Fig. S1](http://www.jgp.org/cgi/content/full/jgp.201210930/DC1){#supp2}). Additionally, the ClC-7 antiporter produces steady-state \[K^+^\]~L~ values at or above 100 mM for all initial conditions, unlike all other simulations except for scenario 1, with high initial luminal \[K^+^\]~L~ and \[Na^+^\]~L~. With regard to this later scenario, there is no data to suggest that nascent, or pre-acidified, lysosomes contain such high levels of both Na^+^ and K^+^. Therefore, we believe that a measurement of resting lysosomal \[K^+^\]~L~ near or above 100 mM is a strong indication that ClC-7 antiporters are active in the lysosomal membrane. Because the K^+^ dynamics and steady-state properties elicited by ClC-7 antiporters are distinct from the other putative counterion pathways, it is possible that even a qualitative \[K^+^\]~L~ fluorescence measurement could identify the counterion and its pathway.

![Changes in K^+^ concentration levels during lysosomal acidification depend on the molecular identity of the counterion pathway. Four model lysosomes were considered, each containing a set of counterion pathways as labeled. For each scenario we performed a simulation with a low initial internal concentration of the permeant ion (10 mM) and a second simulation with a high concentration (150 mM) to determine if this unknown variable greatly affected the final steady-state \[K^+^\]~L~ values listed in the four tables on the right. Scenarios 1, 3, and 4 involved two permeant ions, and required four calculations to explore all combinations of ionic conditions, whereas scenario 2 required only two simulations. The final steady-state \[K^+^\]~L~ value is listed for each simulation, and the full time courses corresponding to the color-coded simulation conditions are shown on the left. Each time course uses initial luminal values closest to typical extracellular values listed in [Table 1](#tbl1){ref-type="table"}. Acidification was initiated at 25 s by turning on the V-ATPases, which corresponds to adding ATP to the solution. Before the addition of ATP, the system was allowed to reach steady state, which in some cases resulted in initial \[K^+^\]~L~ values different from those stated in the tables. For instance, scenario 1 (orange) shown on the graph starts with an initial \[K^+^\]~L~ of 10 mM (see the corresponding table on the right), yet the time dependent curve shows \[K^+^\]~L~ starting at 140 mM. This is due to a large increase in \[K^+^\]~L~ during the initial equilibration in the absence of ATP. The full time courses for all 14 simulations are shown in [Fig. S1](http://www.jgp.org/cgi/content/full/jgp.201210930/DC1){#supp1}. Only the ClC-7--containing lysosome undergoes an increase in \[K^+^\]~L~ as K^+^ enters the lumen along with the pumped Cl^--^. The three other scenarios show a marked decrease in K^+^ as the organelle acidifies, and the K^+^ channel-only scenario reaches a final \[K^+^\]~L~ in the millimolar range. All simulations included *P*~H+~ of 6 × 10^−5^ cm/s and 300 V-ATPases. Simulations with ClC-7 antiporters included 5,000 transporters. All other parameter values are given in [Table 1](#tbl1){ref-type="table"}.](JGP_201210930_Fig7){#fig7}

Changes in ClC-7 stoichiometry affect steady-state pH
-----------------------------------------------------

Our in silico system allows us to assess the role of stoichiometry in the ability of ClC-7 to facilitate lysosomal acidification. We can manipulate the stoichiometry of the antiporter at will, an operation not experimentally possible. To see how these changes influence the lysosome, we performed simulations with stoichiometries of 3 Cl^--^:1 H^+^, 2 Cl^--^:1 H^+^, and 1 Cl^--^:1 H^+^ ([Fig. 8, A and B](#fig8){ref-type="fig"}). Under a wide range of initial \[Cl^--^\]~L~, a hypothetical antiporter with a 1:1 Cl^--^/H^+^ coupling ratio permits the greatest acidification followed by a 2:1 ratio and finally a 3:1 ratio, which is least effective ([Fig. 8 A](#fig8){ref-type="fig"}). To illustrate these differences in another manner, we consider the time-dependent acidification of a vesicle aided by a ClC-7 antiporter with a hypothetical 3:1 ratio ([Fig. 8 B](#fig8){ref-type="fig"}). For the parameters outlined in the caption, this system reaches a steady-state pH~L~ of ∼5, but changing the stoichiometry to 2:1 at that point allows acidification by an additional 0.25 pH units, and then finally changing the stoichiometry to 1:1 permits acidification by another 0.5 units down to pH~L~ 4.25. In each case, changing the coupling ratio allows the ClC-7 antiporter to further reduce the membrane potential and achieve a lower pH~L~ value. Stoichiometric ratios of 1 Cl^--^:2 H^+^ and 1 Cl^--^:3 H^+^ produced nearly identical steady-state pH values as the 1 Cl^--^:1 H^+^ antiporter. However, in simulations where the proton leak was very small, the 1 Cl^--^:1 H^+^ ClC-7 antiporter produced the most acidic interior (unpublished data). At first glance, it appears counterintuitive that a hypothetical ClC-7 with a 1:1 coupling ratio permits greater acidification than antiporters with larger coupling ratios because fewer Cl^--^ are imported during each transport cycle, resulting in less neutralization of the membrane potential. We resolve this apparent contradiction in the Discussion.

![The influence of ClC-7 antiporter stoichiometry on acidification. (A) Steady-state pH~L~ values over a range of initial \[Cl^--^\]~L~ values are plotted for a model lysosome containing 300 V-ATPases, *P*~H+~ of 6 × 10^−5^ cm/s, and 5,000 ClC-7 antiporters of varying stoichiometry. A putative antiporter with a 1:1 stoichiometric ratio gives rise to the greatest acidification. (B) Time-dependent change in pH~L~ was calculated, starting with the stoichiometry of 3 Cl^--^:1 H^+^. After the pH reached steady state, the stoichiometric ratio was changed to 2 Cl^--^:1 H^+^ and then to 1 Cl^--^:1 H^+^. After each change, the system achieved a lower pH~L~. (C) At a given pH gradient, the antiporter has a fixed amount of energy (E) provided by the proton movement during one cycle (green bars). If the transport is 3:1, the energy required for Cl^--^ movement against their gradient (red bars) is greater than the energy provided by proton movement, and transport will not happen (indicated by the X). When the ratio is 2:1, the antiporter is close to stalling, but there is just enough energy to complete the cycle and pump Cl^--^ into the lumen, which will subsequently allow further acidification by the V-ATPase (check mark). When the ratio is 1:1, there is ample energy to allow Cl^--^ transport into the lumen (check mark). All other parameter values are given in [Table 1](#tbl1){ref-type="table"}.](JGP_201210930_Fig8){#fig8}

DISCUSSION
==========

Role of ClC-7 in lysosomal pH regulation and ion homeostasis
------------------------------------------------------------

Our study suggests a crucial role for the ClC-7 antiporter in lysosomal pH regulation and ion homeostasis. We showed that both ClC-7 antiporters and Cl^--^ channels are the only counterion pathways that promote robust lysosomal acidification over a broad range of initial luminal and cytosolic ion concentrations. But ClC-7 antiporters are more effective than Cl^--^ channels and are the only counterion pathway that explains the in vitro lysosomal acidification changes ([@bib10]). The current--voltage curve indicates that ClC-7 is a strong inward rectifier, allowing Cl^--^ to flow out of the lysosome at high rates while moving Cl^--^ inward at a very slow rate. Paradoxically, to act as a counterion pathway, ClC-7 must move Cl^--^ into the lumen in the direction that produces very slow turnover ([Fig. 1 C](#fig1){ref-type="fig"}). Nonetheless, the antiporter is extremely effective at aiding acidification because the turnover rate of the V-ATPase is relatively slow; even the low Cl^--^ fluxes predicted for positive voltages are sufficient to dissipate the V-ATPase--generated membrane potentials. We also found that the most important characteristic of our calibrated ClC-7 antiporter model is the requirement to obey detailed balance; all of our results are insensitive to the exact shape of the ClC-7 performance surface in [Fig. 1 D](#fig1){ref-type="fig"} (unpublished data). Importantly, a model with Cl^--^ as the primary counterion agrees well with seminal studies of lysosomal acidification, which also highlighted the importance of Cl^--^ ([@bib27]; [@bib4]; [@bib41]).

Cation channels as counterion pathways
--------------------------------------

In recent years several cation channels, such as TRP-ML1 ([@bib17]) and Na^+^-selective two-pore channels (TPC; [@bib44]; [@bib2]), have been identified in lysosomes. It was suggested that TRP-ML1 may be the proton leak pathway, as lysosomes of TRP-ML1^−/−^ cells hyperacidify ([@bib38]); however, TRP-ML1 is a nonselective cation channel, so it may permeate Na^+^ and K^+^ ([@bib20]). The identification of these channels in lysosomes corroborates claims that K^+^, or possibly Na^+^, act as counterions during acidification ([@bib39]). One of the strongest arguments from the [@bib39] study is that macrophages harvested from ClC-7 knockout mice have virtually identical lysosomal pH to wild-type littermates (4.73 and 4.72, respectively). Similar results have been reported for lysosomes in neurons and fibroblasts of ClC-7 knockout mice ([@bib15]; [@bib45]). However, these results clash with the finding that small interfering RNA (siRNA) knockdown of ClC-7 in HeLa cells results in a marked reduction in lysosomal acidity as determined by qualitative fluorescence measurements ([@bib10]). The [@bib39] study also found that lysosomes were able to acidify in cells dialyzed to remove cytosolic chloride and that isolated lysosomes held in Cl^--^-free medium were able to acidify with K^+^ acting as a counterion ([@bib39]). This latter finding is consistent with our results if a K^+^ channel is present and starting luminal K^+^ levels are high ([Fig. 4 A](#fig4){ref-type="fig"}). But we suggest that the former result must be taken cautiously, as the [@bib39] study reports 8.5 mM residual Cl^--^ remaining in their "Cl^--^-free" cells, and we show in [Fig. 4 C](#fig4){ref-type="fig"} that ClC-7 and Cl^--^ channels are both effective at aiding acidification with trace amounts of cytosolic chloride.

Our results indicate that Na^+^ and K^+^ can bring about effective acidification, but their ability to do so is highly dependent on the initial luminal concentrations. Using the luminal K^+^ and Na^+^ concentrations determined by [@bib39], our model predicts that the presence of ClC-7 antiporters will always promote greater acidification ([Fig. 5](#fig5){ref-type="fig"}). However, lysosomal cation concentrations have been poorly characterized, and [@bib39] have determined values that appear to conflict with the values determined by [@bib44]. It is hard to judge the role of cations during acidification until their concentration values and dynamics are better understood.

It is possible that luminal ionic concentrations are precisely balanced before lysosomal maturation such that all counterion pathways are able to effectively contribute to the counterion movement. In this case, acidification may be unaffected by the removal of any particular counterion pathway. Furthermore, compensatory changes in expression of one or more transporters, as have been observed in ClC-7 knockout mice ([@bib29]), may mask the effects of knocking out crucial counterion transporters. Another possibility that we have not considered is that ion stores are continually delivered to the lysosome during acidification, providing a source of counterions for efflux, though this would need to be through bulk processes, like fusion with ion-laden vesicles, as cation transport directly across the lysosomal membrane would increase the counterion requirement.

Membrane potential and K^+^ dynamics as indicators of counterion pathways
-------------------------------------------------------------------------

A recent estimate of the steady-state membrane potential of the lysosome is between +30 and +110 mV ([@bib7]), and our results indicate that lysosomes containing ClC-7 antiporters produce more negative resting membrane potentials in the range of --10 to +10 mV ([Fig. 4 B](#fig4){ref-type="fig"}). If the buffering capacity is higher than our assumed value of 40 mM/pH, then our simulations predict that ClC-7 antiporters would result in more positive membrane potentials closer to the experimental range (unpublished data). The model shows that a pure Cl^--^ channel produces membrane potentials in the experimental range. Interestingly, the resting membrane potential and steady-state pH~L~ are very sensitive to the initial luminal cation concentrations when the counterion pathway is mediated by Na^+^ or K^+^ channels ([Fig. 4, A and B](#fig4){ref-type="fig"}). This sensitivity makes it difficult to determine whether models containing cation channels are consistent with the membrane potential measurements. Conversely, ClC-7 antiporters and Cl^--^ channels produce steady-state pH~L~ and membrane potential values in a narrow range regardless of the initial internal ion concentrations. Given that the luminal contents of nascent lysosomes are subject to stochastic variation, the robust acidification property of anion pathways is appealing, as it indicates that lysosomes will always achieve the desired pH~L~ value needed to function properly.

We predict that lysosomes with and without ClC-7 antiporters will have different steady-state pH~L~ values ([Fig. 5](#fig5){ref-type="fig"}) and, if K^+^ channels are present, different \[K^+^\]~L~ levels ([Figs. 6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}). The latter finding may partly explain why ClC-7 knockout mice express lysosome-related disorders despite apparently normal pH~L~ values ([@bib18]; [@bib15]; [@bib45]), as lysosomal dysfunction may be the result of changes in other ionic conditions such as K^+^ levels. [@bib44] predict that lysosomal \[K^+^\]~L~ is low (1--2 mM), and our modeling shows that there are only a few mechanisms for achieving low \[K^+^\]~L~ levels: either there is no K^+^ conductance and Cl^--^ is the counterion ([Fig. 4 A](#fig4){ref-type="fig"}) or ClC-7 is not active in the lysosome and initial \[K^+^\]~L~ is low ([Fig. 7](#fig7){ref-type="fig"}). A measurement of the K^+^ dynamics during acidification would distinguish between these two possibilities.

ClC-7 stoichiometry
-------------------

The counterintuitive result that ClC-7 antiporters with the known 2:1 Cl^--^/H^+^ stoichiometric ratio are less effective at acidification than antiporters with a 1:1 ratio can be understood through an equilibrium analysis of the energy of transport. Such analysis is possible because the antiporter is close to reversible equilibrium, or mechanical stall, as the system approaches steady state. ClC-7 stops transport when the energy gained by removing a single proton from the lumen is equal to the energy required to import the number of chloride ions specified by the stoichiometric ratio. Thus, when the proton gradient provides enough energy to pump two chloride ions but not three, only antiporters with a 2:1 or 1:1 stoichiometry can turn over, reduce the membrane potential, and aid acidification ([Fig. 8 C](#fig8){ref-type="fig"}). Likewise, as the chloride gradient increases, there will be a point at which a ClC-7 with a 2:1 ratio will stop working, and only a hypothetical antiporter with a 1:1 ratio will continue to promote acidification. Although there is a bacterial ClC antiporter that exchanges 1 F^--^ for 1 H^+^ ([@bib40]), there is no ClC antiporter that exchanges 1 Cl^--^ for 1 H^+^. There are, however, antiporters with higher coupling ratios, namely the *unc* ClC-7 mutant antiporter that uncouples H^+^ and Cl^--^ movement. Our model predicts that lysosomes with such mutant antiporters would be less acidic, which is not supported by in vitro experiments ([@bib45]), but does explain why mice carrying the *unc* ClC-7 mutation have osteopetrosis, similar to, but milder than, that seen in ClC-7 knockout mice ([@bib45]).

Our quantitative model sheds light on known experiments; however, given the current uncertainty in lysosomal biology, it is not possible to make concrete predictions concerning the true nature of the counterion and its pathway. As shown in [Fig. 2 A](#fig2){ref-type="fig"}, some in vitro studies can only be understood through the inclusion of ClC-7 antiporters, and antiporters also allow for proper acidification in a robust manner ([Fig. 4, A and C](#fig4){ref-type="fig"}). Nonetheless, cation channels on their own can facilitate proper acidification under the right conditions ([Fig. 4 A](#fig4){ref-type="fig"}), and there are an increasing number of channels being identified in the lysosome. Regardless, our results suggest new kinetic and steady-state experiments that will help delineate the key components required for lysosomal acidification and ionic regulation. It is possible that lysosomes contain combinations of these counterion pathways, and other pathways yet unknown, which may explain the difficulty in ascribing known experiments to one candidate or another. This possibility is highlighted by the recent work of [@bib2] showing that an ATP-sensitive Na^+^ channel opens and closes in response to changes in the extracellular environment, giving rise to changes in the steady-state membrane potential and pH of endolysosomes ([@bib44]; [@bib2]). The sensitivity of the lysosome to changes in the environment may also help rationalize the difference between in vivo and in vitro experiments as well as differences in results between laboratories. However, such complexity further highlights the need for a mathematical model, such as ours, to interpret data and make new predictions.
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